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31P solid state NMRMembrane fusion requires restructuring of lipid bilayers mediated by fusogenic membrane proteins.
Peptides that correspond to natural transmembrane sequences or that have been designed to mimic them,
such as low-complexity “Leu-Val” (LV) peptide sequences, can drive membrane fusion, presumably by
disturbing the lipid bilayer structure. Here, we assess how peptides of different fusogenicity affect membrane
structure using solid state NMR techniques. We ﬁnd that the more fusogenic variants induce an unaligned
lipid phase component and a large degree of phase separation as observed in 31P 2D spectra. The data
support the idea that fusogenic peptides accumulate PE in a non-bilayer phase which may be critical for the
induction of fusion.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Membrane fusion implies that two phospholipid bilayers are
merging in an aqueous environment. Fusion can be triggered by a
variety of integral membrane proteins such as SNAREs and viral fusion
proteins [1–3]. The TMSs of these proteins play a direct role in fusion
as indicated by recent in vivo studies [4–6]. In addition, in vitro studies
show that membrane-embedded synthetic TMS-peptides with low-
complexity LV peptide sequences that mimic the natural system can
drive liposome–liposome fusion depending on the structural ﬂexibil-
ity of their secondary structure [7–9]. Thus, LV-peptides represent a
simpliﬁed system to study the minimal requirements for fusion.
During fusion, major rearrangements of lipid structures occur in a
conﬁned region of interbilayer contact. Lipid composition affects the
various steps in fusion from outer leaﬂet mixing to inner leaﬂet
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ll rights reserved.their geometrical shape. For example, phosphatidylethanolamine is
cone-shaped due to its small head-group and thus favors formation
of negative membrane curvature that is associated with hemifusion,
i.e. outer but not inner leaﬂet mixing [10–14]. Solid state NMR is a
powerful tool for determining the structure and dynamics of
membranes and their interaction with proteins or peptides. In
particular, the microscopic phase properties of membranes can be
investigated by 31P solid state NMR [11]. Oriented bilayers can be
prepared from a variety of lipid mixtures to mimic speciﬁc bio-
membranes, including bacterial, mammalian and myelin cell
membranes [15,16]. By using macroscopically oriented membranes,
which have much better resolved 31P resonances than unoriented
powder samples, lipid domains with different mobilities and
morphologies can be distinguished. The spectral line shapes of
proton-decoupled 31P spectra of phospholipid membranes have been
used to analyze the orientational order of the phospholipid head
group [17].
Recent studies on membrane fusion provide useful insight into the
sequence requirements of LV-peptides but they did not address the
interaction of peptides with lipids [7]. To investigate this, we take a
direct approach and study the impact of different LV-peptides listed in
Table 1 on membrane structure [7]. All peptides have a central
hydrophobic core, consisting of Leu, Val, and in one case a Gly–Pro
pair. Each peptide is ﬂanked on either side by 3 Lys and contains one
Trp residue for quantiﬁcation [18]. Sequence composition reﬂects the
design principle, which is based on the different conformational
preferences of the hydrophobic residues. While Leu stabilizes the
helical state, substituting Leu for Val decreases helix stability in
isotropic solution and favors β-sheet formation. A central Gly–Pro pair
Table 1
Two sets of peptides are used in this study.
Set 1: length dependency
LV12 K K K W L V L V L V L V L V L V K K K
LV16 K K K W L V L V L V L V L V L V L V L V K K K
LV20 K K K W L V L V L V L V L V L V L V L V L V L V K K K
LV24 K K K W L V L V L V L V L V L V L V L V L V L V L V L V K K K
Set 2: L/V ratio
L16 K K K W L L L L L L L L L L L L L L L L K K K
LV16 K K K W L V L V L V L V L V L V L V L V K K K
LLV16 K K K W L L V L L V L L V L L V L L V L K K K
LV16G8P9 K K K W L V L V L V L G P V L V L V L V K K K
Set 1 comprises the peptides with lengths between 19 residues and 31 residues. Set 2
consists of peptides with the same hydrophobic length and different composition of the
inner hydrophobic core.
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aliphatic peptides (L16, LLV16, LV16) are largely helical while
LV16G8P9 assumes a predominant β-sheet structure with a strong
turn component [19,20]. Moreover, recording deuterium/hydrogen-
exchange kinetics revealed that the conformational dynamics of the
peptide backbones increases with an increasing Val/Leu ratio and
introduction of the Gly–Pro pair [9].
A principle advantage of 31P NMR studies is in the similarity of the
conditions used for sample preparation with the functional fusion
assays, as we use a synthetic lipid mixture mimicking the natural
system. In addition, our previous solid state NMR studies on me-
chanically aligned bilayers made up of a biomimetic three-lipid
mixture already showed that a strong perturbation of the lipid
bilayer can be induced by a small fraction of LV16G8P9, which sug-
gests that this is an important marker for fusogenic peptide behavior
[20].
It has been proposed in the past that during the membrane fusion
process lipids go through various lipid phases [17]. The data presented
here demonstrate that small amounts of peptide can give rise to
pronouncedmacroscopic lipid rearrangements. This indicates that the
interactions between hydrophobic sequences and the phospholipid
bilayers can have remarkably strong control over the suprastructure
of a multilamellar system.Fig. 1. 31P spectra of oriented peptide-free bilayer samples, with the bilayer normal parallel (A
K and 7.4 pH with 6 K scans. The simulated spectra are shown in B and D, and are generated b
the lipid mixture spectrum the aligned bilayer component representing ordered lipid mo
composition PC:PE:PS ∼36:13:15 (as inferred from the composition of the aligned phase and
DOPS and 20% DOPE). (C) 31P spectrum of the oriented lipid mixture, with the bilayer norm
calculating the responses of various lipid species, shown as dotted lines.2. Materials and methods
POPC, DOPS and DOPE were purchased from Avanti Polar Lipids,
Birmingham, AL. Peptides were either synthesized according to the
procedures published before or commercially obtained from PSL,
Heidelberg, Germany, and puriﬁed to N90% by high-performance
liquid chromatography [7,20]. Purities were determined by mass
spectrometry. Concentrations of peptide solutions were determined
via tryptophan absorbance at 282 nm in a 1:1 (v/v) mixture of
triﬂuoroethanol and dimethyl sulfoxide using an extinction coefﬁ-
cient of 5600 M−1 cm−1.
Liposome preparation, fusion assays and quantiﬁcation of the
peptide/lipid ratios were done as described previously [21]. Brieﬂy,
liposomes with or without TMS-peptides were prepared from
mixtures of egg PC /brain PE /brain PS at a ratio of 3:1:1 (w/w/w)
with or without 0.8% (w/w) of NBD-PE and Rh-PE (Molecular Probes)
by sonication in fusion buffer (25 mM Tris–HCl, pH 7.4, 150 mM NaCl,
0.1 mM EDTA, 5 mM DTT). Fusion assays were performed using the
ﬂuorescence dequenching method [22] using “donor” liposomes
containing ﬂuorescence labels and unlabeled “acceptor” liposomes
(2.5 mg/ml phospholipid) at a ratio of 1:4 (v/v). The peptide-
independent, spontaneous fusion of pure liposomes was routinely
determined in parallel and subtracted from the values obtained with
peptide-containing liposomes.
Samples for solid-state NMR studies were prepared by dissolving
POPC, DOPE and DOPS in chloroform in a 3:1:1 ratio. The overall
lipid composition was kept constant, which restrains the sample
variation. A peptide dissolved in triﬂuoroethanol was added in a
1:100, peptide/lipid molar ratio. The mixture was vortexed and was
applied onto 15 ultra thin cover glasses (6.2×20 mm; Paul
Marienfeld GmbH and Co. KG, Lauda-Konigshofen, Germany), ﬁrst
dried under a stream of nitrogen, and kept overnight in high
vacuum. Subsequently, the plates were hydrated by spraying with
fusion buffer containing 150 mM NaCl, 20 mM Tris, and 0.2 mM
EDTA (pH 7.4). The plates with peptide–lipid ﬁlms were equili-
brated at 4°C for 72 h and then stacked on top of each other. The
stacks were stabilized at 4°C for 6 h and sealed with Teﬂon tape and
plastic wrappings to prevent dehydration from RF induced heating
[18].and B) or perpendicular to themagnetic ﬁeld (C and D). The data were recorded at 310
y calculating the responses of various lipid species, shown as dotted lines. (A and B) For
lecules has a composition PC:PE:PS ∼24:7:5 and the cylindrical type response has a
the relative amount of each lipid species used in the sample, at a ratio of 60% POPC, 20%
al perpendicular to the magnetic ﬁeld B0. (D) The simulated spectrum is generated by
Fig. 2. Fusogenic activity of peptides of different hydrophobic length. The extents of
fusion as recorded after 1 h of incubation at a molar peptide/lipid ratio of 0.005 depend
on the length of the LV core sequence.
Fig. 3. 31P spectra of oriented bilayer samples loadedwith peptides of different hydrophobic l
panel contains the simulated spectra that are generated by calculating the responses of vario
non-fusogenic peptide LV12 is shown in (A), while (B) shows the data for the lipid mixtur
peptides LV20 or LV24 are shown in (C) and (D), respectively.
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and placed in a Bruker AV750 spectrometer with the membrane
normal oriented parallel to the magnetic ﬁeld direction. Proton-
decoupled 31P solid-state NMR 1D spectra were recorded using a
Hahn echo pulse sequence with a 90° pulse length of 7.8 μs, an echo
delay of 40 μs, 6 K scans of 1 K data points with a spectral width of
94.339 kHz, and a recycle delay of 3 s [23]. For the oriented lipid
mixture without peptide, a sample 31P 1D spectrum was recorded
with the alignment axis at 90°, i.e. perpendicular to the magnetic ﬁeld
direction. A line broadening of 10 Hz was applied before Fourier
transformation. The spectra were processed without ﬁrst order phase
correction and calibrated to (NH4)2HPO4 at 0 ppm chemical shift. The
NMR measurements were performed using similar conditions of pH
7.4, at a temperature of 310 K and with ∼30 min of equilibration time
in the spectrometer before recording the data. Spectra were collected
over 30-min intervals to monitor changes. Proton-decoupled 31P-31P
2D NOESY solid-state NMR spectra were recorded using various
mixing times τm, ranging from 250 ms to 500 ms and with an
acquisition time of 12 h. All observations were conﬁrmed by mea-
suring duplicate samples.ength andwith the bilayer normal parallel to the B0 are shown in the left panel. The right
us lipid species, shown as dotted lines. The spectrum for the lipid mixture loaded with
e containing the fusogenic peptide LV16. Spectra of lipid mixtures with non-fusogenic
205P. Agrawal et al. / Biochimica et Biophysica Acta 1798 (2010) 202–2093. Results and discussion
The aim of the studies in this article is to address the effect of LV-
peptides on the structure of a biomimetic lipid membrane. The
predominant phospholipids in synaptic vesicles are PC, PE and PS that
collectively comprise ∼70% of all phospholipids [24]. A mixture of PE,
PS, and PC in a 1:1:3 ratio is thus used here to simulate the biological
membrane composition of synaptic vesicles [25]. The impact of the
peptides is studied at peptide to lipid ratios of 1:100 using different
solid-state NMR techniques.
The 31P NMR line shape of the biomimetic pure three-lipid
mixture in fusion buffer is dominated by signals that are character-
istic for oriented and unoriented phospholipid bilayers (Fig. 1A) [18].
Three narrow signals at 21.3 ppm, 22.5 ppm, and 32 ppm are
assigned to 0° oriented PC, PE, and PS in the bilayer phase, res-
pectively, by comparison with values known for the pure lipids [4–6].
The broad signal at –20 ppm and the shoulder at −24 ppm reveal
cylindrical type lipid arrangements in the unoriented phase, with the
long axis of the cylinder perpendicular to the ﬁeld [25]. Fig. 1B
illustrates how the relative fractions can be estimated using simu-
lated curves generated for the various lipid phases [11,26]. For the
aligned region PC:PE:PS ∼24:7:5, leading to a PC:PE:PS ∼36:13:15
ratio in the lipid cylinder phase [27]. For the pure lipid mixture there
is a signiﬁcant difference in lipid composition between the two
fractions (Fig. 1A). The aligned bilayer phase has a composition of
∼34% of total lipids, while on the other hand the unoriented high
curvature phase consists of ∼64% of the lipids similar to the
composition of the natural lipid mixture. Fig. 1C shows the spectrum
of the biomimetic lipid mixture at 90° orientation. To conﬁrm that the
−20 ppm signal in the spectrum does not have residual anisotropy,
the 31P spectra of the same samples rotated by 90° with the glass
plate normal perpendicular to B0 were measured (Fig. 1C). The cor-
responding simulation is shown in Fig. 1D. The narrow signals
represent ∼35% of the lipids while the broad signal comprises ∼65%
of the lipids and reﬂects a cylindrical type component with a small
presence of vesicle type distribution.
The LV-peptides are divided into two classes; one is based on the
length of the hydrophobic core and the other class has a different
composition within the hydrophobic core. In the ﬁrst set, the hydro-Fig. 4. The compositions of PC, PE and PS in the two phases in a lipid mixture without peptid
error bars are based on estimates for the lipid compositions of two independently preparedphobic core is comprised of alternate Leu and Val and its length varies
between 12 residues in the LV12 peptide to 24 residues in the LV24
peptide (Table 1, Set 1). This variation in length can provide insight
into the effect of the length of the hydrophobic part of peptides on
fusogenicity. In the second set of peptides, the primary structure is
varied such as to change the conformational ﬂexibility of the
hydrophobic core (Table 1, Set 2) [7,9,18,19].
The peptides with varying core length were ﬁrst studied for
fusogenic activity by standard ﬂuorescence dequenching assays in the
POPC/DOPE/DOPS (3/1/1) mixture which is also used for the NMR
experiments [18]. This assay is based upon ﬂuorescence resonance
energy transfer from NBD-PE to Rh-PE present at quenching con-
centrations in donor liposomes. Upon fusion of labeledwith unlabeled
liposomes the average distance between the ﬂuorophores, and thus
NBD ﬂuorescence, increases over time and this is taken as a measure
of fusion. Fig. 2 compares the membrane fusogenicity of different
peptides at a molar peptide/lipid ratio of 0.005. The extent of fusion
seen after 1 h follows the rank order: LV16NLV12NNLV20≈LV24.
Thus, hydrophobic length appears critical for fusion.
Oriented bilayers show reproducible changes upon incorporation
of peptides with different lengths (Fig. 3). After addition of peptides
LV12 and LV20, the 0° orientation signal of the POPC response shifts
to σ =∼21 ppm and is superimposed on the DOPE response. For
LV24, the POPC signal shifts to 25.11 ppm with a DOPE component
resonating with σ ≈20.86 ppm. In addition, a weak DOPS signal as
observed at 32 ppm for the pure lipid bilayer (Fig. 1A) shifts to
∼38 ppm upon loading with LV24 and for LV12 it shifts to ∼31.4 ppm
(Fig. 3A and D). The broad signal at ∼−18 ppm is less intense than
for the pure lipid system, indicating a stabilization of the aligned
phase and a signal characteristic of a toroidal pore type component
for LV12 and LV20 samples. For LV24 the broad signal that peaks at
−18 ppm reﬂects a cylindrical distribution in the unoriented phase,
which comprises ∼60% of the lipids (Figs. 3H and 4). The data for the
LV24 sample can be simulated with signal ratios PC:PE:PS ∼7:2:1 for
the aligned region and PC:PE:PS ∼8:3:4 for the unoriented region
(Figs. 3H and 4). In case of LV12 the relative intensities of PC:PE:PS
are ∼10:2:1 in the aligned region, while the toroidal pore type
fraction represents ∼74% of the lipids with relative intensities PC:PE:
PS ∼5:2:2 (Figs. 3E and 4). On the other hand LV20 has PC:PE:PSe and in the lipid mixture containing peptides LV12, LV20, LV16, or LV24 (1 mol %). The
samples.
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type lipid component with the PC:PE:PS in a ∼5:4:4 ratio (Figs. 3G
and 4).
When the most fusogenic peptide LV16 is incorporated in the lipid
bilayer the 0° orientation signal of DOPE is shifted to σ ≈20.6 ppm
with a POPC component resonating with σ ≈24.08 ppm (Fig. 3B).
Here the high curvature phase has a signiﬁcant component reﬂecting
an isotropic distribution of lipid molecules, ∼11% perturbing the
predominant symmetric cylinder line shape (Fig. 3F). There is also
vesicle type component that may correspond to an increased fraction
of end lipids cupping hydrophobic edges of a bilayer. This suggests
that cylindrical structures can become more vesicle-type in the
presence of a fusogenic peptide (Fig. 3F). It is clear that LV16 stabilizes
the high curvature phase relative to the ﬂat bilayer phase. The data are
simulated with relative intensities PC:PE:PS ∼6:3:1 for the ﬂat mem-
brane fraction and PC:PE:PS ∼3:1:1 for the high curvature component
(Figs. 3F and 4).
As shown previously, the fusogenicity depends on the sequence of
the hydrophobic core (Table 1, Set 2) [28,29]. A Leu-based peptide
(L16) is virtually non-fusogenic, while mixing Leu and Val residuesFig. 5. 31P spectra of oriented bilayer samples, with the bilayer normal parallel to the B0 ar
various lipid species, shown as dotted lines, are shown in the right panel. (A) Spectrum for th
with the low-fusogenic peptide LLV16. (C) Lipid mixture with the fusogenic peptide LV16.
with 6 K scans at 310 K and pH 7.4.yields intermediate (LLV16) to strong (LV16) fusogenic activity [7].
Placing a Gly/Pro pair in the middle of the hydrophobic core of LV16
(LV16-G8P9) signiﬁcantly enhances fusion. Accordingly, fusion extents
increase in the following order: L16bLLV16bLV16bLV16G8P9 [7].
These peptides were incorporated in oriented bilayers and the
31P lipid signals changes were monitored (Fig. 5). After addition of
LLV16 a toroidal pore type signal forms, representing ∼52% of the
lipids with relative intensities PC:PE:PS ∼1:1:1, while the aligned
region has relative intensities PC:PE:PS ∼21:1:2 (Figs. 5B, F and
Fig. 6). The POPC 0° orientation signal resonates with σ =
∼21.33 ppm, and is superimposed on a DOPE response (Fig. 5B).
For the L16, the broad signal that peaks at 21 ppm and −18 ppm
reﬂects a cylindrical distribution in the unaligned phase and com-
prises ∼60% of the 31P signal (Figs. 5E and 6). The data for the
aligned region can be simulated with a signal ratio PC:PE:PS ∼9:3:1
and PC:PE:PS ∼11:3:6 for the unaligned region (Figs. 5E and 6).
When the lipid mixture is loaded with fusogenic LV16G8P9
peptide, the 0° oriented signal of a PC component resonates with
σ ≈24.5 ppm while the PE response is shifted to σ ≈19.5 ppm. The
high curvature phase also comprises a signiﬁcant fraction of vesiclee shown in left panel. The simulated spectra generated by calculating the responses of
e lipid mixture with the non-fusogenic peptide L16. (B) Spectrum for the lipid mixture
(D) Lipid mixture with the most fusogenic peptide LV16G8P9. The data were recorded
Fig. 6. Graphical representation of the PC, PE and PS composition of the biomimetic lipid mixture without and with the various peptide (1 mol%) in two different phases. The error
bars are based on estimates for the lipid compositions of two independently prepared samples.
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the signal with σ ≈24 ppm and σ⊥≈−18 ppm, perturbing the
symmetric cylinder line shape (Fig. 5H). It is clear that LV16G8P9
stabilizes the enhanced curvature phase relative to the ﬂat bilayer
phase [19].
When the sample with LV16G8P9 is monitored over an extended
time period, additional changes are observed (Fig. 7). After 3 weeks,
a single oriented bilayer response with σ ≈23 ppm is observed that
represents ∼7% of the lipids, mainly POPC (Fig. 7H). In addition, a
pronounced anisotropic signal is present in the center of the spec-
trum with a broad maximum at σH≈3 ppm and with σ⊥H≈−18
ppm. A minor shoulder at σH≈8.6 ppm can be attributed to DOPS
(Fig. 7H). The broad signal comprises the response from essentially
all DOPE and DOPS. It reveals a large fraction of unoriented
hexagonal tubes, which can be attributed to DOPS and accounts for
∼31% of the total NMR signal. The resonance line shape of the
remainder of the lipids, ∼62%, still has cylindrical character and
consists of ∼50% POPC and ∼12% DOPS and DOPE. Although the
ﬁtting done for these spectra has considerable error margins it allows
to estimate the composition. The broadening of the aligned signals
has been attributed in the past to wobbling of headgroups and
increased mobility [30].
To determine if the different lipid phases in lipid membranes
containing LV16G8P9 are spatially separated or not, 2D 31P exchange
experiments were performed (Fig. 8). Lipids undergo lateral diffusion
with diffusion coefﬁcients of 10−7 to 10−8 cm2/s [28,29]. If the
isotropic lipids are contiguous with the residual oriented lipids, and if
a characteristic radius of curvature of ∼1 μm is assumed for the
membrane, then lipid reorientation induced by lateral diffusion is
expected to change the 31P frequency on time scales of 10–100 ms.
This should give rise to cross-peaks in the 2D exchange spectra. Fig. 8
displays 2D 31P spectra of the lipid mixture containing the LV16G8P9
peptide, acquired with mixing times of 250 ms, 400 ms and 500 ms.
Even at this longer mixing time only weak cross peaks between the 0°
and the 90° peak are observed, despite their strong diagonal
intensities. This conﬁrms that the domains corresponding with the
unaligned lipid phase are spatially well separated from the lamellar
fraction.
Our current results reveal that LV-peptides can profoundly alter
the lipid phase of an oriented bilayer depending on their fusogenicity.
In one set of peptides, the length of the hydrophobic core is held
constant and fusogenicity has previously been shown to increase inthe order L16bLLV16bLV16bLV16G9P9 [7]. Interestingly, only the
more fusogenic TMDs, LV16 and LV16G8P9, signiﬁcantly increased the
fraction of unaligned lipids. In addition, for the LV16 and LV16G8P9,
the oriented peaks are broad, indicating the wobbling of lipid
headgroups and increased mobility. The effects seen with both
peptides differed from each other in that the peak of the unaligned
phase at +20 ppm is shifted to +12 ppm only with LV16, indicating a
different microenvironment of the lipid phosphates surrounding the
latter TMD. This different behavior of the lipids parallels the different
secondary structures of the peptides in membranes seen previously.
While LV16 is largelyα-helical in liposomes, LV16G8P9 adopts mostly
β-sheet [19]. The lack of exchange between the lamellar and
nonlamellar phases that was deduced from the NOESY spectra is
well in line with data collected from lipid membranes without any
peptides (data not shown) and conﬁrms a spatial separation of
lamellar and nonlamellar lipids.
With the second set of peptides investigated here, the lengths of
the hydrophobic core were varied between 12 and 24 residues. Fusion
assays revealed strong fusogenicities for LV12 and LV16. Despite its
signiﬁcant fusogenicity, LV12 did not induce formation of unaligned
lipid phase to the extent seen with LV16. This is not as surprising as it
may seem at ﬁrst glance since LV12 folds mainly as β-sheet that is
accompanied by a minor fraction of α-helix in the membrane (B.
Poschner and D.L., manuscript in revision). This may indicate that
LV12 induces fusion by a mechanism that does not involve the major
changes in lipid phase seen after incorporating LV16. At the same
time, this would imply that the β-sheet structures seen with LV12 and
LV16G8P9 in the membrane differ from each other. Indeed, LV16G8P9
has been proposed to form a β-hairpin at the site of the Gly–Pro pair
on the basis of a signiﬁcant amount of observed β-turn structure [19],
which is not expected for LV12.
Curve ﬁtting with lipid model spectra reveals that L16, LV16,
LV24, and LV16G8P9 may induce cylindrical phase to different
extents while the spectra seen after incorporation of LV12, LV20, and
LLV16 are reminiscent of a toroidal pore. Cylindrical phase may
correspond to local sites of fusion between the apposed bilayers in
the membrane stack. Local fusion may generate half-cylinders of
bilayers whose spectrum adds up to the one known for an actual
cylinder. Toroidal pores have not been associated yet with the actual
sites of fusion. Rather, lipid pores have been implicated to form
adjacent to hemifusion diaphragms by molecular dynamics simula-
tions [31,32] and self-consistent ﬁeld theory [33]. These pores have
Fig. 8. 2D 31P exchange NOESY solid-state NMR spectra of oriented lipid membranes
with 1% LV16G8P9. The exchange mixing times are 250, 400 and 500 ms. The spectra
are recorded at 310 K and pH 7.4 with a total acquisition time of 12 h.
Fig. 7. Lipid phase changes induced by LV16G8P9 as a function of time. Proton-
decoupled Hahn-echo 31P 1D solid-state NMR spectra of the POPC:DOPE:DOPS=
3:1:1 lipid mixture loaded with the fusogenic peptide LV16G8P9. The data were
recorded at 310 K and pH 7.4 in 6 K scans with the bilayer normal parallel to the
magnetic ﬁeld. Spectra were recorded over an extended period up to 3 weeks to
monitor the long-term changes in the biomimetic lipid mixture after addition of the
fusogenic peptide.
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to the inner the monolayers at a stage between stalk formation and
full fusion.
Another remarkable observation made in the current study is
that the unaligned phase is enriched in PE and PS, which may be
connected with a requirement for negative-curvature lipids for stalk
formation. It is thought that cone-shaped lipids like PE favor the
formation of stalks by stabilizing negative curvature of the outer
leaﬂet [30]. Indeed, imaging studies on Tetrahymena mating cells
have shown that membrane fusion sites probably contain a large
quantity of cone-shaped lipids such as PE [34]. Consequently, the
more fusogenic peptides may efﬁciently concentrate negative-
curvature lipids to sites from which stalk formation may occur as a
prelude to fusion.
Finally, when a sample containing LV16G8P9 is measured over an
extended period of time, a pronounced phase change of the lipids is
observed in a few weeks. The appearance of an anisotropic response
reveals the presence of unoriented hexagonal tubes due to
relaxation of strain at a much longer time scale. This is not observed
for the lipid mixture without peptide and the lipid mixture con-
taining the non-fusogenic L16 (data not shown). A hexagonalpattern is very characteristic since it requires partial averaging of
the chemical shift by rapid self-diffusion over the radius of the tubes.
The normal and inverted hexagonal phase cannot be distinguished
using 31P NMR because they have the same symmetry. Over time,
lipid separation proceeds and the system will reach equilibrium. The
equilibration time is reduced by peptides that facilitate domains of
high curvature.
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